Abstract: Salinity is one of the major factors limiting avocado yield, primarily due to the high concentration of ions in irrigation water. An experiment was conducted on 2 year old avocado plants (Persea americana Mill.) cv. Hass, grafted onto Duke 7 clonal rootstock growing in pots, to determine the effect of salt stress on growth, as well as physiological and biochemical responses, and the effect of seaweed extract (Ascophyllum nodosum) on salinity stress. Treatments consisted of different types of irrigation water: distilled water, 9 mM NaCl water, distilled water + 2.25 mL of seaweed extract, 9 mM NaCl water + 2.25 mL of seaweed extract and, 9 mM NaCl water + 1.5 mL of seaweed extract. The irrigation treatment was applied every 15 days for 8 months. Treatments with salt reduced plant growth by approximately 50% of the fresh weight of all avocado plant tissues. Seaweed extract reduced the effects of abiotic stress only at an early stage, and increased potassium (K) and calcium (Ca) concentrations in leaves.
Introduction
Avocado (Persea americana Mill.) is considered a salt-sensitive species, especially the Mexican and Guatemalan races (var. drymifolia and guatemalensis respectively). The rate of cell expansion in growing tissues and the degree of stomatal aperture in leaves are reduced due to the osmotic effect of salts. A reduction of photosynthesis is caused by a reduction in stomatal conductance of CO 2 , which together with the slower formation of photosynthetic leaf area, reduces the flow of assimilates to the meristematic and growing tissues of the plant i.e., leaves and roots, although leaves are often more affected than roots, due to the ability to efflux excessive salts and control uptake in order to avoid toxicity [1] . In Chile, salinity is a limiting condition affecting avocado productivity, with this crop being considered the most salt sensitive of the cultivated fruit trees [2] . Salinity significantly reduces growth, productivity, and quality of crops by affecting their physiology and biochemical attributes [3] . For example, osmotic stress in the initial stage of salinity stress in wheat (Triticum aestivum) caused various physiological changes, such as the interruption of membranes, nutrient imbalance, and impaired ability to detoxify reactive oxygen species, differences in antioxidant enzymes, decreased photosynthetic activity, and a decrease in stomatal opening [4] . In cherry tomato (Lycopersicon esculentum), high salinity decreased the concentration of leaf proteins, total carotenoids, chlorophyll, soluble sugars, and starch and phenolic contents [5] . With the increase in uptake of sodium (Na + ) and chlorine (Cl − ), the nitrogen (N), calcium (Ca 2+ ), and potassium (K + ) concentration and with the decreased in Mg 2+ concentration, the nutritional balance of the plants is upset, which ultimately reduces their growth [6] .
Materials and Methods

Plant Material and Environmental Conditions
The experiment was conducted on 2 year old avocado plants (Persea americana Mill.) cv. Hass grafted onto Duke 7 clonal rootstock. Avocado plants were established on commercial soil pH = 6, where all nutrients were at sufficient levels and did not limit the growth of the plants. Plants were maintained in 28 L plastic pots under a white mesh (40% shade) at a research site at the Pontificia Universidad Católica de Chile (34 • 08 S, 70 • 43 W) for 8 months (October-May). The climate of the area is a Mediterranean type with rainy, cool, wet winters, and hot, dry summers, with minimum average temperature of 10 • C, and maximum average temperature of 28 • C. The average relative humidity of the period was 58.9% [17] .
Experimental Design and Treatments
The experiment consisted on a complete randomized design with five treatments and six replicates (plants). Treatments were according to the type of irrigation water as follows: T0 = no salinity stress, irrigation with distilled water; TS = salinity stress, irrigation with 9 mM NaCl water (EC = 1.0 dS/cm, pH = 8); T0 + 2.25SW = no salinity stress with addition of algae extract, irrigation with distilled water + 2.25 cc of seaweed extract; TS + 2.25SW = salinity stress with addition of algae extract, irrigation with 9 mM NaCl water + 2.25 cc of seaweed extract; and TS + 1.5SW = salinity stress with addition of algae extract in lower dose, irrigation with 9 mM NaCl water + 1.5 cc of seaweed extract. Irrigation frequency during the experiment was determined based on tensiometers arranged in each pot, in which the soil moisture was maintained at field capacity, but seaweed extracts (SW) were applied only every 15 days.
Measurements on Plant Growth
Shoot height (cm), change in stem diameter (mm), numbers of leaves and percentage of necrosis were evaluated monthly for 8 months. At the end of the study period, all plants were harvested. Fine (<1 mm) and main roots were separated from the soil by applying abundant water at low pressure to avoid the loss of fine roots. Aerial parts were separated from the roots, and the fresh weights of the leaves, shoots, and roots were determined using a digital balance (Shanghai SP-300, Shanghai Huade Weighing Apparatus Co., Shanghai, China). Then, tissues were oven dried at 70 • C for 3 days (to a constant weight), and the dry weights of the leaves and the shoots were determined using an electronic balance (Transcell ESW-5M, Transcell Technology, Inc., Buffalo Grove, IL, USA). Also, fine versus main root partitioning was expressed as a percentage of the total root system.
Measurements on Nutrient Composition
After plants were harvested for biomass determination, 20 leaf samples, 15-20 cm long pieces of seasonal shoots, and 150 g of roots per replicate (pant) were rinsed in deionized water and then dried at 70 • C in an oven for 48 h, until they reached a constant weight. Dry tissue samples were ground, and N, K, Ca, Cl, and Na concentrations were measured using the method described by Page [18] . The N concentrations were determined with a LECO CNS-2000 Macro Elemental Analyzer (Leco, Michigan, MI, USA). The K, Ca, and Na concentrations were determined by dry combustion at 500 • C until the organic components were converted to ash. For K, Ca, and Na, the tissue samples' ashes were dissolved in HCl (2 M), and the concentrations were determined with an atomic absorption spectrophotometer (Varian SpectraAA 220 FS, Varian Techtron Pty. Limited, Victoria, Australia).
The N content was calculated by multiplying the dry weight by the N concentration of each plant organ aboveground. Na and Cl contents were calculated by multiplying the dry weight of the roots by the Na and Cl concentration of the roots, and the K + /Na + ratio was calculated by dividing the K concentration in the leaves by the Na concentration in the leaves.
Finally, to explore if proline could be related to a response of avocado plants to saline stress, the proline content in fine and main roots of the T0 (no salinity stress) and TS (salinity stress) treatment was determined. For this, 0.15 g of dry roots were combined with 6 mL of 3% sulfosalicylic acid and then shaken for 30 min. Subsequently, the homogenate was filtered on Whatman filter paper no. 1. An aliquot of 2 mL was added to 2 mL of ninhydrin acid and 2 mL of glacial acetic acid, and incubated at 95 • C for 1 h. After that, the solution was placed in a cold bath with 4 mL of toluene, and vigorously shaken for 15-20 s. The organic phase was recovered, and the absorbance was then read at 520 nm. The method used was based on Bates et al. [19] .
Data Analysis
The effects of treatments on plant growth, leaf necrosis, and nutrient content were analyzed with a one-way ANOVA, and mean differences were determined with the Tukey-Kramer (p < 0.05) test. All statistical analyses were performed using STATISTICA (Version 7, Data Analysis and Statistical Software, Dell, Victoria, Australia).
Results
Effect of Salt Irrigation and Seaweed Extract (SW) on Growth Parameters and Leaf Necrosis on Avocado Plants
Regarding plant growth during the study period, at 30 days, treatments without salt stress and the one with salt stress and the higher dose of SW (2.25 cc of seaweed extract) produced plants that were significantly taller than those exposed to treatments with salt without the SW, or with the lower dose of the SW (1.5 cc of seaweed extract) ( Figure 1 ). However, these differences changed over time, and only the treatments without salt stress ended up, in the study (day 240), being taller than those in the other treatments ( Figure 1 , Table 1 ). The differences in leaf numbers also changed in time.
At 30 days, plants with salt stress had significantly less leaves than all the treatments without the stress (TS = 85 ± 15.7 leaves, versus T0 = 131 ± 8.5, T0 + 2.25SW = 125 ± 9, TS + 2.25SW = 123 ± 12.7, TS + 1.5SW = 121 ± 6.8), but by the end of the experiment, only the treatments without salt stress had significantly more leaves than the treatment with salt stress (Table 1) .
At the end of the study, stem diameter showed the same trend that plant height and leaf number (Table 1) , and in the case of leaf necrosis, the treatments without salt stress showed significantly less damage (p < 0.01) than treatments with salt stress, regardless of the addition of SW (Table 1) .
By the end of the experiment, the negative effects of salt stress were also evident in relation to plant mass, both above-and belowground. The dry weight of the aerial part (leaves and stems), roots and for the entire plant in the treatments without the stress (T0 and T0 + 2.25SW) were always significantly higher than treatments with saline irrigation, regardless of the addition of SW (Table 2. For the aboveground part, there was a trend for a higher mass in the salt stress with the addition SW (TS + 2.25SW and TS + 1.5SW) than without it (TS), but these differences were not significant ( Table 2 ). Changes in plant height in 2 year old Hass avocado plants grown in pot subjected to different treatments (T0: distilled water, TS: saline water (9 mM NaCl), T0 + 2.25SW: distilled water + 2.25 mL seaweed, TS + 2.25SW: saline water (9 mM NaCl) + 2.25 mL seaweed T0 + 1.5 mL seaweed), measurements were made every 30 days until completion at 240 days of study, with 6 replicates per treatment. As with the dry weight, the effect of salt stress on fresh weight was also significant, with saline irrigation plants decreasing, on average, by 50% compared to control plants (Figure 2 ). In the case of the roots, mean values for TS and T0 were 150 g plant −1 versus 300 g plant −1 , for shoots it was 153 g plant −1 versus 273 g plant −1 , and leaves were 88 g plant −1 and 165 g plant −1 , respectively.
Regarding fine versus main root fresh weight partitioning, fine roots for T0, T0 + 2.25SW, and TS + 2.25SW were 33% ± 1.3, 33% ± 4.6, and 31% ± 3.6 of the total root system respectively, which was significantly higher (p = 0.01) than the values for TS and TS + 1.5SW, which were 19% ± 2.7 and 20% ± 3.5, respectively. 
Effect of Salt Irrigation and Seaweed Extract (SE) on Nutrient Composition and Biochemical Parameters
Regarding ion concentrations in leaves (Table 3) , treatments with addition of SW (T0 + 2.25SW, TS + 2.25SW, and TS + 1.5SW) had higher concentrations of K + in the leaves, followed by the treatment without stress and no SW (T0), and with the treatment with stress and no SW (TS) presenting the lowest value (Table 3 ). In the case of Ca 2+ , plants with no stress and SW addition (T0 + 2.25SW) had significantly higher content than in the other treatments, and again, plants with stress and no SW addition (TS) having the lowest contents (Table 3) . Table 3 . The ion concentration (K + and Ca 2+ ) in the leaves of 2 year old Hass avocado plants grown under different salt and seaweed extract (T0: distilled water, TS: saline water (9 mM NaCl), T0 + 2.25SW: distilled water + 2.25 mL seaweed, TS + 2.25SW: saline water (9 mM NaCl) + 2.25 mL seaweed T0 + 1.5 mL seaweed) for 240 days with 6 replicates per treatment. N content in the aboveground part ( Figure 2 ) was influenced by saline stress and addition of SW in large doses. The higher N contents were in the no saline stress treatments (T0 and T0 + 2.25SW) and in the saline stress with a high SW dose addition (TS + 2.25SW), while significantly lower values were found in the saline stress treatment (TS) and saline stress with a low SW dose addition (TS + 1.5SW) (Figure 3 ). Regarding the K + /Na + ratio in leaves, only an effect of saline stress was observed, with plants in the treatments without stress (T0 and T0 + 2.25SW) having a larger ratio than the treatments with stress regardless the addition of SW (TS, TS + 2.25SW and TS + 1.5SW) (Figure 4) . Figure 3 Figure 4 K + /Na + ratio Figure 4 . The K + /Na + ratio in the leaves on 2 year Hass avocado plant grown in pot for 240 days with different treatments (T0: distilled water, TS: saline water (9 mM NaCl), T0 + 2.25SW: distilled water + 2.25 mL seaweed, TS + 2.25SW: saline water (9 mM NaCl) + 2.25 mL seaweed T0 + 1.5 mL seaweed) with 6 replicates per treatment. Means with different letters indicate significant differences between treatments (Tukey test p < 0.05).
Treatments
Na + and Cl − content in roots also showed a clear effect of saline stress, with roots of plants in the treatments without stress (T0 and T0 + 2.25SW) having a lower content of Na + and Cl − while the treatments with stress (TS, TS + 2.25SW and TS + 1.5SW) having larger amounts of these elements ( Figure 5) .
In relation to the potential effects of proline in the response to saline stress, we found that proline in fine roots of plants without stress (T0) was 53 ± 0.28 µg g −1 , significantly lower (p = 0.00001) than in the saline stressed plants (TS), having 67 ± 0.49 µg g −1 . However, no significant difference in proline concentration between these treatments was found in the main roots. 
Discussion
Saline soils and saline irrigation constitute serious problems for vegetable crop production because saline conditions are known to suppress plant growth [20] . In the present study, we also found that salinity adversely and significantly affected plant growth. Generally, salt stress can delay and inhibit plant growth differentiation of plant tissue, and reduce the fresh weight of leaf, stem, and root tissue with increased salt [21] . In this experiment, it was observed that saline irrigation decreased, by 50%, the fresh weight of all plant tissues compared to samples watered with distilled water, with T0 having a significantly different in final fresh weight total compared to TS. This finding is consistent with Munns and Rawson [22] , who observed an inhibition of vegetative development of the shoots and roots as the primary response to salt stress, as was observed in the present experiment, in which the roots and stems showed 50% and 56% less fresh weight in saline conditions compared to the control.
Salt stress not only affects growth parameters in plants. Hameed and Ashraf [14] noted that salinity adversely affected photosynthesis-related parameters, such as stomatal conductance. Plants have developed mechanisms of adaptation to stress conditions. Osmotic-adjusting substances play an important role for plants during the progress of growth, development, and reproduction in salt and drought stress [23] .
Analyzing the differences in growth of plants subjected to different treatments of the experiment at 30 days, we observed a decrease in plant height and leaf number in TS compared to T0 (17% and 36%, respectively). Furthermore, the height of the plants and the number of leaves of TS + 1.5SW differed from those in T0 by 12% and 8%, respectively. TS + 2.25SW was determined to present a difference from T0 of 1% in height and 6% in the number of leaves. Throughout the study period, T0 was found to always be the more effective treatment with respect to plant height, leaf number, and leaf area, while TS had the lowest values throughout the entire study.
Musyimi et al. [24] found that salinity reduced shoot height in approximately 74% of the avocado plants, while the stem diameter was also reduced by 63% in the control plants. A similar situation was observed by Bernstein et al. [25] , in whose study the plant height and the stem diameter in avocado were 78 and 86% of the control, respectively. These values are comparable to our study, considering that at the end of the experiment, TS plant height was significantly different from T0 and T0 + 2.25SW, being 80% of the control.
For treatments with seaweed extract, no significant differences from the control were observed in final plant height, final leaf number, and change in the stem diameter. Seaweed extracts have been determined to be a complex mixture of organic and mineral components and plant hormones [26] . Numerous reports show the beneficial effects of seaweed extracts on shoot growth and crop yield, and seaweed extracts have been shown to alleviate a variety of abiotic stresses, including drought and salinity [7] . However, no benefits of seaweed extract were observed in relation to foliar necrosis, because the percentages of necrosis in the leaves in TS + 2.25SW and TS + 1.5SW were not significantly different from those in TS, and all were higher than in plants with no saline stress. Wahome et al. [27] observed that leaf injury increased with higher levels of NaCl in irrigation water, and that leaf injury was related to the duration of the treatment. In our study, all treatments with saline irrigation exhibited more than 20% necrosis. The pattern of necrosis appearing along the margins of older leaves was visually confirmatory of Cl − toxicity [28] . Mickelbart et al. [29] observed that the leaves that had the highest Cl − concentrations also had the most severe necrosis.
Furthermore, vegetative growth parameters could be explained due to a greater availability of soil nitrogen or a greater capacity to capture it by the roots. T0, T0 + 2.25SW and TS + 2.25SW were found to have a significantly higher content of N in the aerial parts than TS and TS + 1.5SW. This difference may have occurred because the seaweed extract has proline. Mansour [30] proposed that another function of proline is the maintenance of membrane and protein stability, as well as growth and provisions of a store of carbon, nitrogen, and energy.
It should be noted that the aerial part is often related to the root part [31] . Du Jardin [32] observed that proline increases tissue concentrations and the root-to-shoot transport of micronutrients. Analysis of the root partition, expressed as a percentage of the total root system, revealed the same pattern as in the nitrogen content, wherein the fine roots of T0, T0 + 2.25SW, and TS + 2.25SW were approximately 30% of the total root mass. This percentage was significantly larger from that found in TS and TS + 1.5SW, whose fine roots corresponded to 15% of the total root mass. Inhibition of root growth and root proliferation, if occurring under stress, could considerably reduce the surface area of fine roots, and hence, the uptake capacity of the root system. This return might reduce nutrient supply to the shoot. Additionally, a reduction in the root tissue under stress might also result in reduced transport of growth regulators from the root to the shoot, which may affect shoot growth and productivity [33] . Thus, a reduced root tissue would impact directly the aerial part of the plant, as observed in this study.
In relation to the ion concentrations, Shahbaz et al. [34] observed that salt stress adversely affected plant growth, gas exchange characteristics, and chlorophyll fluorescence, as well as the Ca 2+ and K + ions in eggplant cultivars under control and saline regimes. Grattan and Grieve [35] observed that salinity dominated by Na + and Cl − not only reduced Ca 2+ and K + availability, but also reduced Ca 2+ and K + transport and mobility to growing parts of the plants, affecting the quality of both vegetative and reproductive organs. The results of this study showed that salinity caused a significant reduction in the ion concentration in the leaves with respect to unstressed plants. However, with respect to K + , all the treatments that contained seaweed extract had significantly more K + than unstressed plants.
In the case of Ca in the leaves, all treatments had higher concentrations of Ca 2+ in the leaves compared to TS. However, only T0 + 2.25SW (1.47% Ca 2+ ) was significantly greater than T0 (1.10% Ca 2+ ).
Shahbaz et al. [34] observed that potassium levels in the stem increased in treatments with foliar proline. Thus, in our study, significant differences in the concentration of ions in the leaves on treatments with seaweed extract could be attributed to the external input of the seaweed extract for proline, calcium, and potassium content (Table 4) , or it may be explained due to the presence of a greater quantify of fine roots, which make a larger and better nutrient uptake surface. Chemical analysis was made in the Agroanalysis Laboratory in the Pontificia Universidad Catolica de Chile.
In addition, when analyzing the K + /Na + ratio in the leaves, we observed that all treatments with saline irrigation had significantly lower ratios than treatments watered with distilled water. The interaction between internal K + and Na + has been suggested to be an important factor in the determination of salt tolerance in many plant species. Silveira et al. [36] observed that Na + is transferred from the roots to the stems and the leaves in the transpiration stream, where it finally accumulates to toxic levels in the older leaves. Therefore, despite the external input of K + by the seaweed extract, Na + levels in treatments with saline irrigation (TS, TS + 2.25SW, TS + 1.5SW) significantly reduced the K + /Na + ratio compared to T0 and T0 + 2.25SW.
However, the accumulation of Na + in the leaves is not necessarily a negative situation. Pardossi et al. [37] observed that the accumulation of the Cl − and Na + ions in plant tissues under salinity has been associated with osmotic adaptation. This finding led us to investigate the contents of Na + and Cl − in the root system of the plant ( Figure 5 ). With respect to the Na + content, TS and TS + 2.25SW had significantly higher Na + content than T0 and T0 + 2.25SW. A similar situation occurred with the Cl − content. Rubinigg et al. [38] observed that the roots are the first place where adjustment mechanisms and growth regulations are triggered to cope with stress. However, our study did not observe any resistance mechanism because the biomass of the aerial part at the end of the study period in all saline treatments (TS, TS + 2.25SW, TS + 1.5SW) was significantly lower than in T0 and T0 + 2.25SW (Table 1) . Something similar has been reported [39] regarding the alleged role of proline under saline stress, such as in wheat.
Conclusions
Salt stress adversely affects plant growth, both above, and belowground, as well as the Ca 2+ and K + ionic concentration in avocado plants. In this study, saline irrigation (9 mM NaCl) reduced, by approximately 50%, the fresh and dry weight of all avocado plant tissues.
The application of seaweed extract reduced the effects of saline stress in plant height in the first 30 days after the application of the stress treatment, but had no effect over the other plant growth parameters. Nevertheless, the application of this seaweed extract could not reduce the adverse effects of saline stress for the entire study period.
